Gastric emptying of solid and/or nutrient liquid meals is delayed in up to 50 % of patients with longstanding diabetes mellitus [1] . In addition, the blood glucose response to oral carbohydrate is related to the rate of gastric emptying of a carbohydrate load in both normal subjects and patients with diabetes. Gastric emptying may therefore be a previously under-recognized contributor to variations in glycaemic control which can have an impact on the management of patients with diabetes. Thus an understanding of the various factors influencing gastric emptying is important.
Ó Springer- Verlag 1998 Summary Several studies have shown that hyperglycaemia slows gastric emptying in normal subjects and patients with diabetes mellitus but whether hyperinsulinaemia per se has an effect remains debatable. In the present study we have assessed the effect of hyperinsulinaemia on gastric emptying of a solid and liquid meal in normal subjects. Ten men were studied three times in random order. After an overnight fast, subjects were infused with 0.9 % NaCl on two occasions and on the third with insulin, at 40 mU × m 2 × min 1 with 20 % glucose simultaneously to maintain euglycaemia. Steady-state glucose infusion rate was ensured before the subjects ate a standard meal of a pancake labelled with 99m Tc and milkshake labelled with 111 In-DTPA. Gamma-scintigraphic images were then obtained every 20 min for the next 3 h. There were no significant differences between the mean half-emptying times (T 50 ) of the solid and liquid during the two saline infusions (129.6 ± 28.5 vs 128.4 ± 23.8 min for the solid and 25.4 ± 7.0 vs 34.7 ± 18.0 min for the liquid, mean ± SD). Hyperinsulinaemia delayed both solid (mean T 50 149.6 ± 30.7, p = 0.031) and liquid emptying (mean T 50 39.8 ± 13.9, p = 0.042). There were no significant differences in the cholecystokinin and glucagon-like peptide 1 responses to the meal during either saline or insulin infusions. There was a tendency towards a greater insulin response to the meal during the hyperinsulinaemic study. Thus, hyperinsulinaemia delayed emptying of both the solid and liquid components of the meal.
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The purpose of the present study was to investigate the effect of euglycaemic hyperinsulinaemia on gastric emptying of a mixed solid and nutrient-liquid meal in non-diabetic subjects. Intestinal hormones such as cholecystokinin (CCK) and glucagon-like peptide-1 (GLP-1) can affect gastric emptying [8±12], so the effect of hyperinsulinaemia on the responses of these hormones to a test meal was also determined. Amylin, co-secreted with insulin [13] , may affect gastric emptying [14] and its response to the meal was also examined.
Subjects and methods
Subjects. Ten healthy male volunteers (weight 79.2 ± 8.2 kg, range 61.8±86.5, BMI 25.5 ± 2.5 kg/m 2 , mean ± SD), aged 23.6 ± 3.4 years (mean ± SD, range 20±32) were recruited. None reported gastrointestinal symptoms, had a past history of gastrointestinal surgery, or were on regular medication. They were asked to abstain from smoking, alcohol and caffeine for at least 18 h prior to the test. Informed consent was obtained from all subjects. The study was approved by the British Department of Health (Administration of Radioactive Substances Advisory Committee) and the ethics committee of the Medical School, University of Nottingham.
Protocol. Each subject had three gastric emptying studies in random order, separated by at least 1 week. On one visit a euglycaemic, hyperinsulinaemic clamp was performed and on the other two 0.9 % NaCl was infused i. v. as a control and to assess reproducibility of the gastric emptying measurements. Subjects arrived at 08.30 h after fasting overnight. A cannula was inserted into an antecubital vein for infusion of 0.9 % NaCl or glucose/insulin. Another cannula was inserted retrogradely into a vein on the dorsum of the dominant hand and it was kept patent with a slow infusion of 0.9 % NaCl. The hand rested in a heated box (55±60 C) to obtain ªarterializedº venous blood samples.
Low activity radioactive anatomical markers ( 99m Tc) were attached to the surface of the subject's skin, anteriorly and posteriorly. At 0 min the subjects ate a standard meal within a 10 min period, consisting of a pancake (46 % carbohydrate, 26 % fat, 10 % protein), labelled with 3MBq non-absorbable 99m Tc tin colloid, and a low fat milkshake (11 % carbohydrate, 4 % fat, 3 % protein), labelled with 0.5 MBq non-absorbable 111 In-DTPA, providing a total of 400 kcal (the milkshake containing 69 kcal). Gastric emptying images were obtained for the next 3 h. Between standing image acquisitions, the subjects were allowed to sit.
Gastric emptying data were acquired every 20 min with 30 s anterior and posterior images of the stomach [15] using an IGE maxi-camera II gamma camera (IGE Medical Systems, Slough, UK) fitted with a medium-energy general purpose collimator. The gamma camera was linked to a dedicated Nuclear Diagnostics computer system. Regions of interest (ROIs) were created around the computer generated image of the stomach for both anterior and posterior images, and counts were recorded. The geometric mean of the anterior and posterior measurements was calculated and counts corrected for background radiation, isotope decay and cross talk between the energy windows. An ROI was drawn around the total stomach, which was subsequently divided into proximal and distal regions ± the proximal region corresponding to the fundus and proximal corpus and the distal region representing the antrum and distal corpus. For each of the three ROIs (proximal, distal and total stomach), activity time curves, expressed as a percentage of total meal against time, were derived and the time for 50 % emptying (T 50 ) was calculated. The coefficient of variation (CV) for solid T 50 in normal subjects is 13 % and for liquid T 50 the CV is 28 % [16] .
Euglycaemic, hyperinsulinaemic clamping studies were performed according to the method of De Fronzo et al. [17] . Short-acting insulin (Human Actrapid; Novo Nordisk, Copenhagen, Denmark) was dissolved in 0.9 % NaCl, containing 2 ml of the subject's blood, to a concentration of 1 U/ml. The infusion rate was 40 mU × m 2 × min 1 . Glucose was infused concomitantly to maintain the blood glucose at 4.5±5.0 mmol/ Fig. 1 . Blood glucose during control experiments (±x± and ±o±) and hyperinsulinaemia (±·±). There was no difference in the peak glucose values (7.3 vs 6.6 mmol/l, p = 0.068) or in the time to reach peak levels during either the control or insulin experiments. It took longer for the blood glucose to return to baseline during the hyperinsulinaemic experiment (p = 0.022) l for at least 60 min before the subjects ate the standardized meal, to ensure steady-state glucose infusion rate. The glucose and insulin infusion rates were then continued for the remainder of the study period at the rates established during the first hour. The infusion rates for saline during the control experiments were matched as closely as possible to the expected glucose infusion rate during the clamp. Blood glucose concentrations were measured every 10 min with a glucose oxidase method using a Yellow Springs Analyser (Yellow Springs, Ohio, USA); CV for the assay was 3 %. Blood was drawn at ±30, 0, 20, 30, 40, 60, 90, 120, 150 and 180 min for insulin, CCK, GLP-1 and amylin concentrations.
Assays. Insulin was measured by radioimmunoassay (Diagnostic Products Corporation, Los Angeles, Calif., USA, inter-assay CV 7.4 % at 114 mU/l).
C-peptide was assayed by ELISA based on two monoclonal antibodies (Dako Diagnostics Ltd, Ely, Cambridgeshire, UK). The lower limit of detection was less than 0.05 nmol/l. The inter-assay CV was 3.87±8.2 %.
GLP-1 was measured in extracts of serum by radioimmunoassay with synthetic GLP-1 (7±36) amide [Bachem] as the assay standard, antibody code R 600-8 (final dilution 1 : 30 000), and synthetic GLP-1 labelled by chloramine-T method and purified by reverse phase high-performance liquid chromatography. The antiserum used did not cross-react with other known gut and brain peptides. The sensitivity of the assay was 9 pmol/l (30 pg/ml); the inter-assay CV was 11 % and the intra-assay CV was 8 % at 45 pmol/l (150 pg/ ml). I-CCK8s radiolabel (Amersham) and antiserum, raised in rabbit to CCK8s, conjugated to ovalbumin using carbodiimide, were used. The intraassay CV was 8.2 and 6.6 % at 5 ng/l and 15 ng/l, respectively and the inter-assay CV was 13.3 and 11.5 % at 5 ng/l and 15 ng/l, respectively with lower limit of detection of 1.5 ng/l. The relative cross-reactivity with gastrin 17, pentagastrin, CCK/gastrin 4 was less than 0.001.
Amylin and amylin-like peptides were measured using twosite sandwich ELISA with capture antibodies F024 and F002, respectively (Amylin Pharmaceuticals Inc., San Diego, Calif., USA). Interassay CVs were less than 15 % across the assay range. Minimum detectable amylin and amylin-like peptide concentrations were 1.9 and 2.7 pmol/l. Statistical analysis. Conventional methods were used to measure means, SEM and SD. The order of the two control experiments was randomized and the results were analysed using three-way ANOVA. The gastric emptying curves and all biochemical data were analysed using Repeated Measures Analysis of Variance; treatment-time' interactions were evaluated to determine the effect of insulin as compared with saline over time. A p value less than 0.05 was considered significant in all analyses.
M. Fig. 4 a±c. Solid gastric emptying during control experiments (±x± and ±o±) and hyperinsulinaemia (±·±). Data are mean ± SEM. There were no significant differences between the mean half-emptying times (T 50 ) during the two saline infusions (129.6 ± 28.5 vs 128.4 ± 23.8 min, mean ± SD). Hyperinsulinaemia resulted in a delay in emptying (mean T 50 149.6 ± 30.7, p = 0.031). T 50 is defined as the time at which 50 % of the isotope had left the stomach. The slower emptying of the solid component during hyperinsulinaemia could be explained by retention in the proximal stomach (b). There was no difference between the saline and insulin infusions for retention in the distal stomach (c)
Results
Blood glucose, insulin and C-peptide. There was no difference in the blood glucose profile during the two control experiments. There was no difference in the peak glucose values (7.3 vs 6.6 mmol/l, p = 0.068) or in the time to reach peak values during either the NaCl or insulin experiments (Fig. 1) . It took longer for the blood glucose level to return to baseline during the hyperinsulinaemic experiment (p = 0.022).
The area under the curve (AUC) of the blood glucose response was not significantly different during the saline and insulin experiments (828.5 ± 48.25 vs 1523 ± 99.24 mmol/l.min respectively, p = 0.107). However, the AUC from time 40±180 min was greater during the insulin experiment compared to the saline experiment (1192 ± 89.1 vs 344.5 ± 46.4 mmol/l.min, p = 0.04).
The insulin and C-peptide profiles (Figs. 2 and 3 ) mirrored the glucose profile and were almost identical during the two control experiments. Insulin and C-peptide levels remained elevated above pre-meal values for longer during the hyperinsulinaemic experiment (p = 0.047 for insulin and p = 0.015 for C-peptide). There was no significant difference in the absolute rise (postprandial peak values minus preprandial values) in insulin concentrations between the saline (75.3 ± 29.8 mU/l) and insulin (97 ± 39.8 mU/l) exper- There were no significant differences between the mean T 50 of the liquid during the two saline infusions (25.4 ± 7.0 vs 34.7 ± 18.0 min, mean ± SD). Hyperinsulinaemia also delayed liquid emptying (mean T 50 39.8 ± 13.9, p = 0.042). The slower emptying of the liquid component during hyperinsulinaemia could be explained by retention in the proximal stomach (b). There was no difference between the saline and insulin infusions for retention in the distal stomach (c) iments (p = 0.102). As expected, there was an initial decline in C-peptide levels during the hyperinsulinaemic experiment.
Solid and liquid emptying. There were no significant differences between the mean half-emptying times (T 50 ) of the solid and liquid during the two saline infusions (129.6 ± 28.5 vs 128.4 ± 23.8 min for the solid and 25.4 ± 7.0 vs 34.7 ± 18.0 min for the liquid, mean ± SD). Hyperinsulinaemia delayed both solid (mean T 50 149.6 ± 30.7, p = 0.031) and liquid emptying (mean T 50 39.8 ± 13.9, p = 0.042). For eight subjects the T 50 during the hyperinsulinaemic experiment was slower than the T 50 during both saline experiments and for two subjects it was between the two saline experiments. There was good reproducibility of both solid and liquid gastric emptying; the means ± SD of the difference between the two separate days' T 50 were 15.3 ± 21.9 min for the solid and ±5.1 ± 19.7 min for the liquid.
The slower emptying of both solid and liquid components of the meal during hyperinsulinaemia could be explained by retention in the proximal stomach (Figs. 4 b, 5 b) . There was no difference between the saline and insulin infusions for retention in the distal stomach (Figs. 4 c, 5 c) .
Gastrointestinal hormones. There were no significant differences in the CCK and GLP-1 responses after the meal during either saline or insulin infusions (p = 0.249 and p = 0.242, respectively). For CCK, the 0 min value was 14.8 ng/l during the saline experiments and 12.4 ng/l during the insulin experiment. This rose to 16.2 ng/l at 120 min during the saline experiments and 16.1 ng/l at 180 min during the insulin experiment. For GLP-1 the 0 min value was 143 ng/l during the saline experiments and 123 ng/l during the insulin experiment (Table 1) . There was no evidence of a GLP-1 response to the test meal on either occasion.
There was a greater amylin response during the hyperinsulinaemic clamp compared to the saline infusions (p = 0.017, F024 assay; p < 0.001, F002 assay). Figure 6 shows the amylin profile. The amylin-like peptide profile (not shown) was similar to the amylin profile. The 0 min amylin value was 3.4 pmol/l during the saline experiments and 3.7 pmol/l during the insulin experiment. This rose to a peak value of 8.4 pmol/l at 30 min during the saline experiments and 9.5 pmol/ l at 60 min during the insulin experiment. The 0 min amylin-like peptide value was 6.8 pmol/l during the saline experiments and 6.5 pmol/l during the insulin experiment. This rose to a peak value of 21.4 pmol/l at 40 min during the saline experiments and 19.5 pmol/l at 60 min during the insulin experiment.
Discussion
We found that hyperinsulinaemia delayed gastric emptying of both solid and liquid components of a meal although the effect was marginal. There was more variability of the liquid T 50 during the saline experiments in individual subjects. The initial rise in blood glucose was slower during insulin infusion which could be explained by delayed gastric emptying of the carbohydrate-containing liquid. Although there was a trend towards lower peak glucose values during the hyperinsulinaemic compared to the control experiments, this failed to reach statistical significance. It took longer for blood glucose to return to baseline during the hyperinsulinaemic experiment, which may reflect prolonged glucose absorption as a result of the delay in gastric emptying. However, overall, carbohydrate absorption (as assessed by the AUC of blood glucose) was not significantly different during the saline and insulin infusions. Insulin infusion rates of 40 mU × m 2 × min 1 and higher have been shown to suppress hepatic glucose production in young, non-diabetic subjects [18] . Thus, during the hyperinsulinaemic clamp, blood glucose after meal ingestion reflects absorbed glucose unaffected by a change in endogenous production. We also have to consider the continuous glucose infusion, which was maintained at the level required in the fasting, baseline period to achieve euglycaemia. It is unlikely that subjects would have developed insulin resistance in the postprandial period, so this infusion will not have caused a rise in blood glucose.
There is evidence that both CCK and GLP-1 [8±12] slow gastric emptying, but there was no difference in the concentrations between the saline and hyperinsulinaemic experiments. There was no evidence of a GLP-1 response to the test meal on either occasion, and while there were some fluctuations in CCK after the meal, mean concentrations in the postprandial period did not exceed baseline values. It is surprising that we failed to see significant elevations in these gut peptides, although the low fat and low energy contents of the meal are likely to have contributed to this observation.
The amylin response following the meal mirrored the insulin and blood glucose profiles. The postprandial amylin response was significantly greater during the hyperinsulinaemic experiment. Amylin is co-se- Data are mean ± SD creted with insulin from the beta cells of the pancreas. There is recent evidence that amylin delays gastric emptying [14] . There may be an interaction between insulin and amylin and they both serve to slow gastric emptying. It is interesting that the beta-cell response to food was not inhibited by 1 h of antecedent hyperinsulinaemia; following the meal both C-peptide and insulin were released although as expected there was an initial fall in the C-peptide levels before the meal, during induction of hyperinsulinaemia. Eliasson et al. [5] reported similar findings in their study.
How insulin delays gastric emptying of solids and liquids is unclear. Eliasson et al. [5] found that euglycaemic hyperinsulinaemia reduced postabsorptive motility in the antrum and proximal duodenum (loss of antral phase III of the migrating motor complex in the gastric antrum and decreased pressure waves in the duodenum) after a solid meal. However, Hasler et al. [19] have recently reported that antral motility after a mixed solid-liquid meal was reduced by hyperglycaemia but not by euglycaemic hyperinsulinaemia [19] . However, the insulin infusion rate used was 80 mU × m 2 × min 1 , the fasting plasma insulin concentration was 133 ± 11 mU/l and the postprandial value achieved was 195 ± 29 mU/l, compared to baseline serum insulin of 72.8 ± 14.4 mU/l and peak value of 151.3 ± 56.3 mU/l in our study.
In this study, the delayed emptying of both solid and liquid components of the meal by hyperinsulinaemia could be explained by their retention in the proximal stomach. We could attempt to explain this by postulating that insulin may produce a delay in emptying by affecting proximal stomach motility. Motility studies are needed to confirm this.
Non-insulin-dependent diabetic patients are often insulin resistant and hyperinsulinaemic [20] and have been shown to have a delayed glucose peak following a meal [2] . Our study suggests that hyperinsulinaemia may account for this by altering the carbohydrate absorption pattern and studies in such patients are needed. 
